Herpes viruses are responsible for a variety of pathological effects in humans and in both wild and domestic animals. One mechanism that has been proposed to facilitate replication and activity of herpes viruses is oxidative stress (OS). We used meta-analytical techniques to test the hypotheses that (1) herpes virus infection causes OS and (2) supplementation of antioxidants reduces virus load, indicating that replication is favoured by a state of OS. Results based on studies on mammals, including humans, and birds show that (1) OS is indeed increased by herpes virus infection across multiple tissues and species, (2) biomarkers of OS may change differently between tissues, and (3) the effect size does not differ among different virus strains. In addition, the increase of oxidative damage in blood (tissue commonly available in ecological studies) was similar to that in the tissues most sensitive to the herpes virus. Our results also show that administration of antioxidants reduces virus yield, indicating that a condition of OS is favorable for the viral replication. In addition, some antioxidants may be more efficient than others in reducing herpes virus yield. Our results point to a potential mechanism linking herpes virus infection to individual health status.
activate the physiological stress response (Sapolsky et al. 2000; Romero 2004 ). The action of glucocorticoids involves a high diversity of physiological and behavioral effects, including immunosuppression (Scheinman et al. 1995; Webster et al. 2002; Bailey et al. 2003; Padgett and Glaser 2003) . Antiviral T-cell immune responses are, for example, compromised by glucocorticoids that are either stress induced or pharmacologically administered (Elftman et al. 2010; Hunzeker et al. 2011) . Chronic exposure of vertebrates to glucocorticoids is also known to induce oxidative stress (OS) through the increase in production of free radicals and oxidative damage (Costantini et al. 2011) . OS is a complex multifaceted biochemical condition of cells, which occurs when there is an increase in oxidative damage to biomolecules and oxidation of nonprotein and protein thiols that regulate the cell oxidative balance (Halliwell and Gutteridge 2007) . It has been shown that herpes virus infection may be facilitated by a cell state of OS, while increased intake of antioxidants might prevent replication of the virus (Nucci et al. 2000; Valyi-Nagy et al. 2000; Palamara et al. 2004; Kavouras et al. 2007 ). For instance, reactive oxygen species (ROS) inhibit NF-kB (Nuclear Factor kappa-light-chain-enhancer of activated B cells), whose function is to avoid Kaposi's sarcoma-associated herpesvirus (KSHV) reactivation and lytic gene expression (Li et al. 2011) . However, it is unclear whether OS is a patho-physiological mechanism promoting herpes virus infection.
The main goal of this study was to assess the role of OS as a mechanism underlying herpes virus infection. To this end, we used meta-analytic techniques to address the following two hypotheses: (1) herpes virus infection causes OS and (2) supplementation of antioxidants reduces virus infection, indicating that infection is favored by a state of OS. To test the first hypothesis, a meta-analysis was carried out using experimental infectious studies and looked at the effects on reactive species production, oxidative damage, and both nonenzymatic and enzymatic antioxidants. To test the second hypothesis, a meta-analysis was carried out including studies that assessed the effects of antioxidants on experimental herpes virus infections. Both meta-analyses were performed while taking into account some moderators (e.g., which biomarkers were measured, in which tissue and at which stage of infection; vertebrate species; virus strain), which might help to explain the diverse results obtained in previous studies. For instance, it has been shown that enzymatic activity during herpes virus infections may differ consistently among different cells (Gargouri et al. 2009) , and that oxidative damage (MDA, malondialdehyde) can either slightly increase or decrease among different tissues (Lassoued et al. 2008 ).
Materials and Methods

Article collection
The articles included in both meta-analyses (MAs) are the result of an extensive research on the Web of Knowledge and on PubMed, in all databases for all years. The key words "herpesvirus" or "herpes virus" were combined with "antioxidant", "lipid peroxidation", "oxidative damage", or "reactive oxygen species". Articles were then searched on the specific journal website or online libraries. When articles were not available, authors were contacted by e-mail. This search resulted in the screening of more than 2,000 articles. Additional studies were identified by screening references quoted in the selected articles.
Article selection and eligibility criteria
Articles were included in one or both MAs when they tested (1) the effect of herpes virus infection on OS metrics or (2) the effects of antioxidants on the infection. Studies were excluded if they met the following criteria: (i) they did not provide baseline values of metrics of oxidative damage or antioxidant status (i.e., before herpes virus infection); (ii) they combined administration of antioxidants with other compounds, which makes impossible to discriminate among the effects of different compounds on the virus yield; (iii) it was impossible to extrapolate data from graphs; (iv) they did not provide standard error nor standard deviation. We have included both experimental studies and clinical trials, for a total of 26 articles. The scheme illustrating the steps of article search and selection according to PRISMA guidelines (Liberati et al. 2009) , is shown in the supple mentary information (Supplementary Figure S1) .
Since there was variation among studies in experimental settings (e.g., OS measured as oxidative damage or antioxidant defences); evaluation performed during an acute (e.g., few hours) or chronic (e.g., days) infection, we also collected data on study species, biomarker, tissue, herpes virus strain, and time elapsed from the detection of the basal level until the subsequent measurements (during the viral infection). These data were used as moderators in MAs. Most of the articles unfortunately lacked information about gender and age, and hence, these factors could not be included in the statistical analyses.
Data collection
From each article, we collected statistical outcomes of (1) effects of herpes virus infection on OS metrics and (2) effects of antioxidants on infection. These outcomes were used to calculate the effect size (Supplementary Table S1 ). When statistical outcomes were not available, data (mean, standard error, or standard deviation) were collected from graphs and these were used to calculate the effect size. A detailed explanation of the effect size calculation is given in the following section.
For meta-analysis testing hypothesis 1 (OS-MA), data were collected for the following metrics of OS: -Oxidative damage to DNA (comet assay), to protein (protein carbonyls), to lipids (lipid peroxidation, specifically hydroxynonenal HNE and hydroxyguanosine OHG, malondialdehyde MDA, F2 and F4 isoprostanes, thiobarbituric acid reactive substances-TBARS). -Nonenzymatic antioxidant levels (GSH, S-GSH, Thiols, GSSG, GSH:GSSG ratio), including nonenzymatic antioxidant capacity (TAS assays). -Antioxidant enzyme activity (catalase, superoxide dismutase, glutathione peroxidase) -Reactive oxygen species (ROS), reactive nitrogen species (NOS), reactive species synthase enzymes, oxidative stress index (OSI), and total oxidant status (TOS).
For meta-analysis testing hypothesis 2 (ANTIOX-MA), data were collected for the following variables:
-Virus yield before and after inoculation of antioxidants (from which we calculated the percentage of change in virus yield).
We further divided the data between in vivo and in vitro experiments (30 and 61, respectively, Supplementary Table S2 and S3).
In vivo experiments included a large heterogeneity in the way of administering antioxidants, so we could not include these data in the analyses. In contrast, for all in vitro experiments (61), we could calculate the percentage of the virus yield change.
Effect size calculation
For both MAs, according to previous work (Gontard-Danek and Moller 1999; Nakagawa and Cuthill 2007; Simons et al. 2012 ), Cohen's d effect size was calculated and was subsequently transformed to Fisher's z using des function in Compute.es package in R (Del Re 2013). According to the significance of their associated rvalues (Bartz 1999) , effect size z can be considered strong when the range is between 0.69 and 1.07, and very high when it exceeds 1.10.
Overall, we had 198 estimates of effect size for OS-MA (Supplementary Table S1 ) and 61 estimates of virus change for ANTIOX-MA from in vitro studies, respectively. The sign of effect sizes for OS-MA, according to previous MAs (Costantini and Moller 2009; Costantini et al. 2011) , was considered to be positive when oxidative damage and reactive species were increased, and when enzymatic and nonenzymatic antioxidants were decreased, respectively. On the other hand, the effect size was considered to be negative when oxidative damage and reactive species were decreased and when enzymatic and nonenzymatic antioxidants were increased, respectively (Costantini and Moller 2009; Costantini et al. 2011) . When there was no difference between pre-and post-infection values, effect size was considered to be 0.
Effect size estimates were not weighted for sample size (Rosenthal 1991, pp. 27-28) because some of the articles included in the first MA did not provide the sample size. However, a comparison of unweighted z-values with the mean weighted z was not significant (Wilcoxon: W ¼ 72, P ¼ 1), indicating that in our case the sample size did not affect the effect size estimates.
Meta-analytic technique
Preliminary tests (e.g., Funnel test) showed that there was no publication bias; for further information we refer to the Supplementary Material and Supplementary Figure S2 .
OS-MA
To assess how moderators affected the effect size, we performed a linear mixed model including biomarker, tissue, virus strain, and time of measurement as fixed effects, and species and study as random effects. Each single mixed model was repeated twice, having the time of measurement as a fixed covariate or as a fixed factor, respectively. In order to include it in the models as a fixed factor, we distinguished between short term (measurements taken within 4 days from the measurement of the basal level of OS biomarkers) and long term (measurements taken after 4 days from the measurement of the basal level of OS biomarkers). This distinction between shortand long-term was done to test whether the effect of the virus on OS changed after the activation of the specific immune response, which is known to occur after around 4 days from the detection of pathogens and viruses (Murphy 2012) . Outcomes of models having time as a fixed factor or covariate were similar, hence we presented only outcomes of models with time as a covariate. In each model, we also included the interaction between tissue and biomarker; further interactions among the other main factors could not be included because no data were available for some combinations of the factors. Posthoc analyses were performed using lmerTest package in R (Kuznetsova et al. 2013 ).
ANTIOX-MA
To assess how moderators affected the percentage of virus change after administration of antioxidants, we performed a linear mixed model including concentration and type of antioxidant administered, virus strain, tissue (cellular line), and time elapsed since the emergence of the infection as fixed factors, while study was included as a random factor. Unfortunately, we could not include two antioxidant types in the analysis (extract of rosemary and extract of Zatria multiflora), since it was impossible to express concentrations in millimol in order to make them comparable to those of other antioxidants. Post-hoc analyses were carried out using lmerTest package in R (Kuznetsova et al. 2013 ) to compare antioxidant treatments and to evaluate which antioxidant was the most efficient in reducing herpes virus yield according to its concentration. Finally, since the administration of ebselen, vaticaffinol, and piperitenone oxide was tested in one study only, we focused on the comparison among antioxidants measured in more than one study, in order to increase the statistical power of this comparison, and to test the efficiency of glutathione as compared to other antioxidants, since glutathione is one of the most important cell antioxidants (Halliwell and Gutteridge 2007) .
Results
OS-MA
The best-fit linear mixed model showed a significant interaction between biomarker and tissue (F ¼ 2.16, df ¼ 8, P ¼ 0.038; Table 1 ). Post-hoc analyses showed that there was a significant increase of (1) oxidative damage in blood, kidney, and lung, (2) of ROS production in dermal tissue, and (3) of nonenzymatic antioxidants in dermal tissue and kidney (Figure 1) . A further comparison of effect size among tissue for each single biomarker showed that the production of ROS and the reduction of nonenzymatic antioxidants were similar between tissues, while oxidative damage and enzymatic antioxidants changed differently between tissues ( Table 2 ). The effect size of herpes virus was already high a few hours after the measurement of the basal levels of a given OS biomarker and did not show any significant decrease over time (Table 1, Figure 2 ).
ANTIOX-MA
The best-fit linear mixed model showed that the concentration and the kind of antioxidant influenced significantly the change in virus yield (Table 3 ). There was a significant reduction of herpes virus for most of the treatments, with the exception of the administration of N-butanoyl glutathione (GSH-C4), and S-acetylglutathione (S- GSH), and glutathione (GSH), respectively (Table 4) . Piperitenone oxide caused the highest reduction relatively to the concentration administered, followed by vaticaffinol, resveratrol, and ebselen. The comparison among these antioxidants revealed nonsignificant differences in reducing herpes virus yield (Table 4) . Finally, the comparison between resveratrol and glutathione revealed that resveratrol had a stronger effect than glutathione (Table 4 ). In fact, with an average administration dose of 0.1445 mM, resveratrol caused an average reduction of 89.32% on the virus yield, while an average administration dose of 8.92 mM of GSH was needed to cause a reduction of 78.93% (Figure 3 ).
Discussion
The results from our first MA support our first hypothesis that herpes virus infection caused increased OS across diverse vertebrate species, but this effect was contingent on the tissue and biomarker of OS. Our second MA supports our second hypothesis that an increased intake of antioxidants reduced the virus load, indicating that the viral replication may be favored by a status of OS. The positive effects of antioxidant administration were dependent on the concentration and the kind of antioxidant. Herpes virus infection resulted in OS in most tissues analyzed, with the exception of brain, liver, and tumoral tissue. Our results show that kidney and dermal tissue were the most affected tissues, with a significant decrease in nonenzymatic antioxidants in both tissues, and a significant increase in oxidative damage in kidney and ROS level in dermal tissue, respectively. OS can affect some key regulators of kidney homeostasis and controls a number of signalling pathways that are relevant to kidney disease (Yang et al. 2014 ). The oxidative balance of dermal tissue was also significantly affected by the infection. We found a significant increase in ROS production and a significant decrease of nonenzymatic antioxidants, respectively. This is not surprising since the dermal tissue is one of the major candidates of OS because it is rich in potential biological targets for such reactions, especially lipids (Kohen and Gati 2000) . Moreover, the fact that herpes virus reactivation is associated with skin lesions (Blauvelt 2001; de Thoisy et al. 2009 ), suggests that skin is particularly sensitive to the virus spread. On the other hand, it was, however, surprising to see that the oxidative balance of brain tissue was not affected by the infection. Brain cells have high metabolic intensities, low antioxidant defences, and high contents of polyunsaturated fatty acids, which make them an important target of OS (Barja 2004) . These results are interesting especially if we consider that brain is the primary target of encephalitis caused by different strains of herpes viruses. Since results are based on the comparison of the effect sizes among different tissues, the nonsignificant increase of OD and ROS generation in the brain during herpes virus infection is probably due to a higher effect size measured in other tissues for the same biomarker. However, the effect size in brain tissue was still very high, and further studies will be needed to clarify why the effects of herpes virus on the oxidative balance differ between other tissues and brain tissue and to clarify if OS biomarkers predict clinical signs. Tumoral tissue is characterized by an acceleration of the cell cycle, increased cell mobility, metabolic rate, and production of ROS (Baba and Câtoi 2007) , and a decreased activity of antioxidant enzymes (Gargouri et al. 2009) . For this reason, we decided to include this tissue to be able to assess the effect of herpes virus on OS in a highly proliferative tissue. Our data show that infection had a stimulating effect of enzymatic antioxidants, resulting in a reduction of oxidative damage. It would be interesting to assess whether this increased antioxidant protection favors or not the persistence and the development of tumoral cells.
The liver was the least affected tissue. Although earlier studies have shown that the administration of glucocorticoids and other chemicals can strongly increase OS in liver (Costantini et al. 2011; Zlatkovi c et al. 2014; Buha et al. 2015) , the high regenerative capacity and molecular turnover that occur in this particular tissue might make its oxidative balance weakly sensitive to herpes infection (Michalopoulos and DeFrances 1997; Taub 2004; Michalopoulos and Khan 2005; Fausto et al. 2006) .
Finally, we found that lung and blood showed a significant increase in the effect size of oxidative damage, but not in the effect size of other OS biomarkers. Interestingly, the change in OS was similar between blood and other tissues. This is indeed important because this result suggests that blood levels of OS reflect the general oxidative status of the whole organism during a viral infection. However, since herpes viruses are highly host and tissue specific, our results should be taken carefully. Indeed, given the high tissue tropism of some viruses, it might be possible that a specific herpes virus strain causes OS in a specific cell, while it does not cause any patho-physiological changes in the oxidative status of other cell lines in the same tissue. It is therefore important to consider that even if our study underlined a Significant differences are shown in bold.
significant increase of OS at a tissue level, it is not certain that this effect can be generalized to all the cell lines in a same tissue. The effect size of herpes virus infection on tissue oxidative balance was also significantly dependent on the biomarker of OS. Our first MA clearly shows that the effect of infection on oxidative damage and enzymatic antioxidants differed among tissues, while there was a similar decrease of nonenzymatic antioxidants and increase in ROS production across all tissues. For instance, as compared to brain, liver, and tumor tissue, we found a higher increase in oxidative damage in blood, kidney, and lung. These results suggest that blood, kidney, and lung may be considered the most sensitive tissues in terms of capacity of detecting oxidative damage induced by herpes virus infection. It would also be interesting in future studies to assess whether among tissue differences in OS may also be related to cycle of the virus, i.e., replication stage and site, and excretion from cells.
The effects of virus infection were not dependent on the time elapsed since the measurement of the basal levels of a given OS biomarker. A visual examination of Figure 2 suggests that OS is rapidly increased in the first hours following the measurement of the basal levels (bottom right of Figure 2 ), but then the effect size decreases slightly, but not significantly, with time. The effect size was actually still high at over 200 days post-infection, indicating that herpes virus may alter the baseline oxidative status in the long term. These results suggest that long-term alterations of the oxidative status may be responsible for the immunoscenescence and telomere shrinking that have been attributed to chronic herpes virus infection (Effros 2011) . However, since there was heterogeneity on the time at which measurement of the basal levels of a given OS biomarker was performed (e.g., some studies started to count time after the inoculation of the virus, while some others calculated the time from the induction of the lytic cycle), caution must be used to interpret the results of how OS changes over time.
Our second MA (ANTIOX-MA) supports our hypothesis that administration of different antioxidants, especially piperitenone oxide, vaticaffinol, ebselen, and resveratrol, may reduce infection. This suggests that herpes viruses are favoured by oxidative conditions, and that a disruption of these conditions can reduce herpes infection, as suggested by previous studies (Palamara et al. 1995; Docherty et al. 2005; Vogel et al. 2005; Kavouras et al. 2007) . In this line of thoughts, it would be interesting to examine whether individuals with higher level of pre-existing oxidative damage are more susceptible to herpes virus than individuals with lower levels of oxidative damage. Although our results showed that the effect of a given type of antioxidant was dependent on its concentration, the best-fitted model showed that the type of antioxidant was much more significant than its concentration. As a result, the nonsignificant effect of glutathione in reducing herpes virus yield is probably due to its concentration, which had to be much higher than the other antioxidants to cause the same reduction. This result indicates that some antioxidants may be more efficient than others in reducing infection. However, this does not seem to explain why the concentration of glutathione needed to reduce virus yield was around 70 times higher than that of resveratrol. This is surprising because glutathione is one of the most important cell antioxidants (Halliwell and Gutteridge 2007) that was found to inhibit (1) the replication of HSV-1 by interfering with very late stages of the virus life cycle, and (2) HSV-1 glycoprotein B expression, which is considered essential for the production of enveloped infectious virus particles (Palamara et al. 1995) . One reason might lie with glutathione having a short life in blood, making it necessary to administer it in large amounts (Fraternale et al. 2009 ). Moreover, glutathione cannot cross the cell membrane, but it needs to be broken down into amino acids and then resynthesized in the cell by the consecutive actions of c-glutamylcysteine and GSH synthetases (Fraternale et al. 2009 ). The strongest effect of resveratrol administration on virus yield may also be due to its indirect effects on other antioxidants, hence indirectly helping the cell to maintain a balanced oxidative status. For example, resveratrol can increase synthesis of glutathione (Kode et al. 2008 ) and induce upregulation of the antioxidant enzymes catalase and glutathione peroxidase (Sadi et al. 2014) . Moreover, resveratrol appears to negatively alter a host factor, NF-kB, resulting in inhibition of virus replication (Faith et al. 2006) . There was, however, heterogeneity in the experimental settings of studies that tested the effects of glutathione or resveratrol on herpes virus infection. It would therefore be of great importance to test the effects of both these antioxidants under similar experimental conditions.
Regarding the in vivo experiments, we could not compare results from different studies because there was high variation in the experimental conditions (administration of antioxidants or dermal application of cream-based antioxidants; days of administration and number of administrations per day; results showed as number of survivals or percentage of virus reduction). Despite this strong heterogeneity between experiments, these studies suggest that administration of antioxidants may also reduce the virus yield in the whole organism (Docherty et al. 1999; Nucci et al. 2000; Vogel et al. 2005) , indicating that availability of antioxidants may constrain individual's capability of controlling viral infection.
In conclusion, our MAs showed that herpes virus infection (1) increases OS; (2) causes different levels of OS among tissues, with kidney and dermal tissue being the most susceptible tissues to OS; and (3) decreases after the administration of antioxidants, whose effect is type and concentration dependent. Moreover, the increase of oxidative damage in blood (tissue commonly available in studies on free-ranging organisms) was similar to that in the tissues most sensitive to herpes virus. All these evidences support the hypothesis that a condition of OS promotes the activity of the herpes virus.
The significant levels of residual heterogeneity in OS-MA suggest there might be other factors affecting the variation in effect sizes, for example sex or age (excluded since the majority of studies did not provide data on both these factors), which require investigation in future studies. Such heterogeneity does not appear to depend on the virus strain because effect size was similar across different herpes virus strains. The effect size was also similar across species. However, our sample includes a limited number of species, mostly rodents and humans tested under controlled conditions, indicating the need of replication of similar studies in wild vertebrates. Our results provide novel insight into how OS may be a mechanism implicated as a pathogenic factor in herpes virus infections.
